CHEMISTRY OF ACTH PIG pituitaries are one of the richest sources of ACTH, and three steps are required to obtain the substance in what seems to be a virtually pure form. The first step, the extraction of the glands, can be done in one of two ways. An extraction with aqueous acetone containing hydrochloric acid (Lyons, 1937) brings out the ACTH together with such other substances as dissolve in the presence of high concentrations of acetone. The alternative extraction is with glacial acetic acid (Payne, et al., 1950) , again a medium in which most proteins are not soluble.
Another method of high resolution for separating similar substances is ion-exchange chromatography. This depends on the different affinities of the substances to be separated for the ionic groups of an ion-exchange resin, in competition with the ions of the buffer used for elution. A carboxylic resin (Amberlite IRC-50) in a sodium phosphate buffer (0-2 M phosphate, 0 3 N sodium, pH 6 70) is suitable for chromatography of ACTH (Dixon and Stack-Dunne, 1955 ). VV NOVEMBER isolated from pituitaries gives in two modifications of this system. The buffer used is in equilibrium with the resin; no change of eluent is used such as might give a single peak with substances of different affinities for the resin.
Some workers use both the methods of counter-current distribution and ion-exchange chromatography. The yield of the factor obtainable by these methods is one two-thousandth the weight of the dried pituitaries; 1 gram of the factor is derived from 40,000 pituitaries.
One active component has been isolated by counter-current distribution in sufficient quantity to determine its structure (Bell, 1954) . It is a polypeptide containing 39 amino-acid residues. By splitting certain peptide bonds through the use of specific enzymes, separating the peptides produced, and removing and identifying amino acids singly from the ends of such peptides, the structure shown in Fig. 2 (Bell, 1954) . The arrows denote bonds split by pepsin without destruction of biological activity.
The sequence of four basic amino acids together (Lys.Lys.Arg.Arg.) is interesting. Possibly this sequence gives ACTH its high affinity for the acidic oxycellulose and the acidic ion-exchange resin both used in its purification.
In Fig. 2 the arrows show the points at which pepsin attacks the substance. After such peptides have been removed from the carboxyl end of the chain, the biological activity remains. After this hydrolysis the molecular weight is only slightly decreased, since only a small part of the molecule is removed. So the old distinction between protein and peptide ACTH is not valid. Such an idea, that ACTH could be broken down to much smaller units and retain its activity, arose at a time when a protein of much larger molecular weight was thought to be the hormone. This protein had been isolated from pituitaries and extensively purified. It seemed to be homogeneous in a number of rigorous tests and yet possessed activity. It could be broken down to quite small units by peptic hydrolysis and the activity was retained, but it now seems that this protein owed its activity to a slight degree of contamination with A.CTH (Astwood et al., 1952) , and when the protein was largely hydrolysed to small peptides, only those few amino-acid residues near the carboxyl end were removed from the ACTH itself. It is very likely that the ACTH remained with the acidic protein throughout the purification because of those same basic groups which may also give it affinity for the resin and the oxycellulose. The ACTH may be simply separated from the protein by ion-exchange chromatography (Dixon et al., 1951) .
LABILITY OF ACTH Some of the ways in which ACTH may be inactivated have consequences for its clinical use. The early preparations were much more effective when given by constant intravenous infusion than when given as separate intramuscular injections. The discrepancy between these two routes of administration was greatly decreased if oxycellulose-purified preparations were used Wolfson, 1953) . This could be explained if there were considerable inactivation at the injection site due to the presence of other substances (such as the pituitary proteolytic enzymes) in the crude preparations.
Partially hydrolysed preparations of ACTH are also particularly unstable in vivo (Forsham et al., 1953; Wolfson, 1953) . The removal of the few amino-acid residues brought about by pepsin apparently makes the molecule easily inactivated after intramuscular injection, while it remains fully active if given intravenously. Before this was known hydrolytic conditions were often used in preparing ACTH for clinical use, since contaminat Section of Pathology 905 ing posterior lobe hormones were thereby destroyed without loss of the ACTH as judged by assay using intravenous injection. Because of these two kinds of lability, of crude preparations and of hydrolysed preparations, purified unhydrolysed material should be used for intramuscular injection. Even such preparations are less effective in discrete injections than in continuous infusion, but the loss is not too great.
ASSAY OF ACTH ACTH is almost always assayed by the Sayers technique . This depends on the depletion of adrenal ascorbic acid in hypophysectomized rats after intravenous injection of the hormone.
The rats are hypophysectomized so that endogenous ACTH (secreted on very slight provocation) cannot interfere. The assay is highly sensitive (0O01 ,ug. gives a suitable response) and its variability is not too large, but its most important advantage ,s its specificity. No substance has been found which imitates ACTH in the test, nor any which interferes with the response to ACTH. The hydrolysed forms of the hormone have the same activity as the native substance from which they are derived.
Under many circumstances the production of adrenal hormones can be dissociated from ascorbic-acid depletion. Scorbutic guinea-pigs, for example, can respond to ACTH without further decrease of their low adrenal ascorbic acid (Oesterling and Long, 1951) . Observations like this are not relevant to the reliability of the Sayers test, since it is carried out with rats under standardized conditions. In the assay, the amount of hormone injected, whether hydrolysed or not, seems to be determined with a fair degree of accuracy.
We do need to be assured that the factor measured in the Sayers test is really the hormone. Several studies have shown good correlation between potencies with respect to acorbic-acid depletion and steroid production, whether by adrenal slices (Haynes et al., 1954) , isolated adrenals (Saffron and Bayliss, 1953) or human patients (e.g. Hays and White, 1954) .
This correlation breaks down, however, when intramuscular injection is used. This was a difficulty to clinicians a few years ago, since two batches of ACTH of equal potency in the Sayers test might have very different clinical effectiveness (e.g. Prunty et al., 1951) . Presumably these discrepancies can now be explained by the in-vivo lability of crude preparations and of hydrolysed preparations. Thompson and Fisher (1953) modified the Sayers test by using subcutaneous instead of intravenous injection. In this way an animal assay was obtained whose results more closely reflected the clinical effectiveness of the preparations tested. Loss of activity at the injection site is deliberately allowed to occur, so that preparations with activity in the normal test will only appear active if they can survive the subcutaneous injection.
The need for such a standardization is decreased if purified, unhydrolysed ACTH is always used, which now seems to be the rational practice. In its case the Sayers test measures the amount of hormone present, and the amount destroyed in vivo is likely to be constant from batch to batch, though not necessarily from patient to patient. ADRENAL MAINTENANCE As well as causing steroid secretion, ACTI is needed for adrenal cortical maintenance. Singer and Stack-Dunne (1954, 1955) showed that the power of secreting steroids in response to a single injection of ACTH, as well as the size of the adrenal, was maintained in hypophysectomized rats by continued ACTH administration. The ACTH preparation they used had been purified by oxycellulose adsorption and ion-exchange chromatography (Dixon and Stack-Dunne, 1955 ) so its seems that the single factor, that assayed in the Sayers test, both stimulates steroid secretion and maintains responsiveness.
This, however, is not the only kind of adrenal maintenance. In lipid distribution and mitotic activity the adrenals of hypophysectomized rats were restored towards normal by injections of growth hormone preparations (Cater and Stack-Dunne, 1953, 1955a, b) . The effects of ACTH were qualitatively different from those of growth hormone, so that the effects of the growth hormone preparations were not attributable to contamiination with ACTH (Cater and Stack-Dunne, 1955c ).
Since ACTH increases the activity and size of the cells of the adrenal cortex, and the growth hormone preparations increase the mitotic rate, it is not surprising that Cater and Stack-Dunne (1955c) found synergism between the two preparations in their effect on adrenal weight. The increase in weight when both hormones were injected at different sites was greater than the sum of the increases with each alone. A pituitary preparation has been made which apparently increases the responsiveness of human adrenals to ACTH, without itself containing ACTH . This may have clinical use in sensitizing a patient's adrenals at the same time as giving ACTH. Although the relation of such an effect to that of growth hormone is not known, there is now good evidence that a factor other than ACTH occurs in pituitary extracts and is trophic to the adrenal cortex. That such a factor is normally secreted is indicated by the high adrenal mitotic counts of intact rats (Cater and Stack-Dunne, 1953) .
SECRETION OF ACTH
Comparatively little is known of the physiology of ACTH. Whereas adrenal steroid secretion can now be studied directly, it is not yet possible to study pituitary secretion in this way. Evidence on the release of ACTH may be obtained from indexes of adrenal response such as ascorbic-acid depletion, or from indexes of response to adrenal steroids. At present there is no evidence on the relation between the factor isolated from the pituitary and that secreted into the blood. Sayers and colleagues (e.g. Sayers and Sayers, 1948) , following Ingle and Kendall (1937) showed the inhibition of ACTH release by cortical hormones. The pituitary and adrenals form one of the self-regulating systems where a fall in the level of the circulating hormone is countered by a fall in the inhibition of the pituitary trophic hormone.
This alone does not explain the extra secretion of ACTH in stress, when the blood level of adrenal hormones is raised (Franksson et al., 1954) . McDermott et al. (1950) showed that adrenalin acted directly on the pituitary to cause ACTH release. As there has always been failure to obtain continued increase of ACTH secretion with adrenalin, perhaps it is the release rather than the production of ACTH that is stimulated.
Extensive studies (Colfer et al., 1950; Hume and Wittenstein, 1950 ) have suggested control of ACTH secretion by the hypothalamus and humoral transmission of the hypothalamic influence to the pituitaryr. This may be involved in the inhibition by steroid hormones since they have not been shown to act directly. The relative importance of these three factors affecting ACTH secretion and release is not known. There sometimes occurs a congenital defect in the adrenal cortex in which one of the reactions in the synthesis of the adrenal hormones is deficient. From the work of Dorfman (1953) it seems to be the conversion of the 21-methyl group of progesterone to the 21hydroxymethyl of the other adrenal hormones (Fig. 3) . Progesterone seems to be formed normally in such adrenals and the 11and 1 7-hydroxyl groups normally introduced, so that metabolites of 11-, 17-dihydroxyprogesterone are found in the urine.
One consequence of this failure to produce cortical hormone is a decreased inhibition of the pituitary followed by an excessive ACTH secretion. This increases all those pathways of adrenal steroid production which are not blocked. One of these is androgen (mainly 1 1-hydroxyandrostenedione) production so that virilism results. The condition is the adrenogenital syndrome or virilism of adrenal origin without a tumour. The suggestion that absence of pituitary inhibition was involved came from the discovery by Wilkins et al. (1951) that cortisone greatly relieved the condition. An immediate fall in 17-ketosteroid excretion was followed by a steady decrease in the virilism.
CONTROL OF ADRENAL SECRETION
The secretion of the adrenal cortex may be classified in three types. First and largest in quantity there is the corticosterone or cortisol or mixture of both according to the species Section of Patholoqy 907 (Bush, 1953) . These are the steroids whose production has been most studied, and ACTH increases their secretion. Androgen production is also increased by ACTH. Besides the evidence from cases of adrenogenital syndrome, there are direct observations on the androgen of adrenal-vein blood (Bush, 1953) .
The third secretion is that of aldosterone (Simpson et al., 1954) . Although secreted in only minute amounts, its high potency in effects on salt metabolism gives it far the largest part of the "mineralocorticoid" activity of adrenal secretion. Singer and Stack-Dunne (1954, 1955) studied aldosterone secretion in rats. They found that potassium deficiency or treatment with deoxycorticosterone acetate (which would enhance sodium retention and potassium excretion) greatly decreased aldosterone production. In one experiment with hypophysectomized animals this effect was confirmed, so there seems to be control of aldosterone production by the mineral levels of the body without pituitary mediation. Luetscher and Axelrad (1954) found increased excretion of aldosterone metabolites in human subjects on sodium-deficient diets.
In rats, two days after hypophysectomy, while the adrenals were still responsive to ACTH, Singer and Stack-Dunne (1954, 1955) observed a fifty-fold increase of corticosterone secretion after ACTH injection; the aldosterone secretion was increased five-fold. Aldosterone secretion fell less than corticosterone after hypophysectomy. Therefore, in addition to its independent control by salt level, aldosterone secretion seems stimulated by ACTH (though less than corticosterone). In tests of longer duration than those of collecting adrenal blood, the effect of ACTH on aldosterone secretion might be complicated by actions mediated through a change of mineral balance as a result of increased secretion of other adrenal hormones.
